High-burnup fuel failure during a reactivity-initiated accident has been the subject of safety-related concern. Because of wide variations in metallurgical and simulation test conditions, it has been difficult to understand the complex failure behavior from major tests in the NSRR and CABRI reactors. In this paper, a failure model based on fracture toughness and microstructural characteristics is proposed in which fracture toughness of high-burnup cladding is assumed to be sensitive to ,temperature and exhibit ductile-brittle transition phenomena similar to those of irradiated bodycentered-cubic alloys. Significant effects of temperature and shape of the pulse are predicted when a simulated test is conducted near the material's transition temperature. Temperature dependence of fracture toughness is, in turn, sensitive to cladding microstructure such a s density, distribution, and orientation of hydrides, oxygen distribution in the metallic phase, and irradiation-induced damage. Because all of these factors are strongly influenced by corrosion, the key parameters that influence susceptibility to failure are oxide layer thickness and hydriding behavior. Therefore, fuel failure is predicted to be strongly dependent on cladding axial location, as well as on burnup.
I. INTRODUCTION
During the past several years, safetyrelated i s s u e s associated with the performance of high-burnup LWR fuels during a reactivity-initiated accident (RIA) *Work supported by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission.
have been the subject of extensive investigations. Beginning in early 199Os, important pulse t e s t s have been conducted in several test reactors under simulated RIA conditions, and results of these tests have been evaluated relative to the current licensing acceptance criteria for fuel behavior during RIA. In some of the well-known tests conducted on PWR fuels with burnup of -45-63 GWd/t, highSn Zircaloy-4 cladding failed when the radially averaged fuel enthalpy was surprisingly low, Le., only =30-70 cal/g (Fig. 1) . 192 Because of these results, fresh attention was also focused on a test conducted in the 1970s in the SPERT reactor in which a fuel with a burnup of -32 GWd/t failed at -85 cal/g. The energy deposits of <lo0 cal/g of these failures are significantly lower than the threshold energy currently imposed by regulatory authorities to prevent cladding melting, fragmentation, and fuel dispersal, e.g., 280 cal/g in the U.S., 230 cal/g in Japan, and 225 and 200 cal/g for fresh and irradiated fuel, respectively, in France.
The conditions of these simulated tests in the SPERT, CABRI, and NSRR reactors were, however, significantly different from those of a n RIA in a PWR, e.g., fuel cladding environment (nonpressurized water or liquid sodium), pulse shape (characteristic pulse half width -5-10 ms vs. =60-70 ms estimated for a n RIA), a n d rod mechanical constraints.
Pretest metallurgical conditions of the cladding were also quite varied, even when the test specimens were sectioned from the same mother rod, i.e., oxide layer thickness, oxide spallation, thickness of the remaining metallic Zircaloy-4, hydride mdrphology and distribution, and hydrogen and oxygen content of t h e metallic p h a s e . 
Fig. I. Peak Fuel Enthalpy us. Bumup f i o m Simulated Pulse Tests.
Some high-burnup fuels tested were subjected to loading-following operation. 2 Because of wide variations in metallurgical and the simulation-test conditions, it has been difficult to define a clear-cut failure boundary in terms of the traditional correlation between peak fuel enthalpy at failure and burnup. Under the same test conditions, a cladding specimen sectioned from the same rod failed in one test but survived in the next test, depending on the axial location of the specimen in the fuel rod. Likewise, a specimen from the same grid span failed or survived depending on pulse shape and temperature. Thus, it has been difficult to understand the data base and extract the information needed to understand the failure mechanism and evaluate the performance of high-burnup fuel under a n RIA. In this paper, results of simulated tests were analyzed from a new mechanistic understanding of cladding metallurgy, microstructural evolution, and fracture characteristics at high burnup.
EMBRITTLEMENT MECHANISM AT

HIGH BURNI.JP
A s burnup is increased, Zircaloy fuel cladding undergoes several major changes in microstructure and, as a result, mechanical properties are severely degraded. The cladding embrittlement a t high burnup has been attributed by many investigators to dense precipitation of "macroscopic" hydrides, which a r e observed readily by optical microscopy. However, this rather simplified picture seems to have emerged primarily in association with results from the more common axial tensile tests. A n axial tension test is relatively easy and convenient to conduct, but the results are not really applicable to RIA situations and could even be misleading, because the effect of the predominantly circumferential hydrides that are characteristic of a highb u r n u p cladding i s a c c e n t u a t e d unrealistically.
Strong heat-to-heat and reactor-toreactor variations in the ductility of highburnup fuel cladding are quite common, e.g., the tensile properties of the fuel claddings discharged from the Fort Calhoun,3 Oconee-l,4 ANO-2,5p6 and Calvert Cliffs-16 PWRs. Apparently, the tensile properties of these claddings cannot be explained well on the basis of average hydrogen content only. When the strain data obtained for one batch of cladding from ring-tensile or burst testing are examined, it is quite clear that data scattering is significant and that the effect of average hydrogen content is difficult to quantify or not as significant as implied by many investigators. Therefore, it would be helpful to review o u r p r e s e n t understanding of the embrittlement of Zircaloys at high b u r n u p from the perspective of fundamental mechanisms rather than from the phenomenological point of view.
A. Irradiation Damage
Irradiation damage in high-burnup cladding is a term commonly used rather loosely to refer to general microstructural features associated with irradiation of one type or the other, which in most cases is damaging to physical and mechanical properties of the material. Damage in Zircaloys irradiated under LWR or CANDU operating conditions is in the form of "black-dot" defects (clusters of irradiationinduced defects), small dislocation loops, short line dislocations, and dislocation entanglements. The latter three types of "damage" in Zircaloys irradiated at =3OO0C to a relatively low fluence at low burnup is mostly of the "a-type", meaning that the associated Burgers vector is parallel to the "a" axis of the hcp unit cell of the a-phase Zircaloy. This is related to the prism slip system of the hcp structure, the only slip system known to be operational under tension.
However, as fluence increases, "ccomponent" dislocation loops and line dislocations emerge in Zircaloys or Zr-Nb alloys,7-10 meaning that dislocations with a Burgers vector containing the ccomponent (of the hcp unit cell) are produced in increasing numbers. This indicates that in addition to an increasing number density of irradiation-induced defects, a fundamental transition in the nature of irradiation damage occurs from low-bumup to high-burnup operation.
The exact nature of the c-component defects a n d the mechanism of the transition a r e , however, not well understood. Nevertheless, the transition, which is characteristic to high-burnup operation, i s believed to be a very important process, because onsets of breakaway oxidation, breakaway creep and growth, excessive decrease in ductility, a n d brittle-type f r a c t u r e ( i . e . , pseudocleavage fracture) appear to emerge at about the similar threshold fluence, i.e., =3 x 1021 n cm-2 (E > 1 MeV). Some reported microstructural features suggest that the c-component dislocations and dislocation loops interact preferentially with oxygen to form precursors of zirconium suboxides.8 However, the nature of c-component defects and the role of impurities such as oxygen, hydrogen, and iron in the transition from a-to c-component defects are not well understood.
B. Oxide Laver and Oxysen in a Phase
Water-side oxide layers, in some cases as thick as 80-120 pm, decrease the remaining thickness of the a -p h a s e cladding and increase the number density of radially oriented incipient flaws that facilitate the onset of brittle crack propagation under an RIA. A s such, the thickness of the brittle oxide layer itself is a major factor that influences failure behavior. However, the most important factor is the influence of the increased level of oxygen dissolved in the highly irradiated a-phase layer, which is the loadbearing material that determines the survivability of the high-burnup cladding under the severe stress of pellet cladding mechanical interaction (PCMI) in RIA situations.
Oxygen in Zircaloys is not an impurity element, but is actually an alloying element added u p to 1000-1200 wppm, primarily to increase strength. However, as oxygen content in the a-phase layer increases as a function of increasing burnup, and hence, increasing oxide layer thickness, ductility of the load-bearing material decreases significantly. In one case, a n oxygen level of =2330 wppm and hydrogen at =67 wppm were reported for the mid-wall a-phase in a standard Zircaloy-4 fuel cladding irradiated to a burnup of =28 GWd/tU in a PWR.g Therefore, a significantly higher level of oxygen is expected for high-burnup (e.g., =60 GWd/tU) a -p h a s e cladding that contains hydrogen at u p to several hundred wppm. In particular, the a-phase -4 -layer beneath the thick oxide layer is believed to contain a high level of dissolved oxygen, and hence, will exhibit reduced ductility and fracture toughness.
Several results reported in the literature indicate that a synergism occurs between oxygen solutes dissolved in the load-bearing a-phase and irradiationinduced defects. Oi et al. reported that the effect of neutron fluence on i r r a d i a t i o n -i n d u c e d i n c r e a s e i n microhardness of Zr and Zr-base alloys becomes more pronounced with increasing oxygen content in the material.11 From analysis by the technique of threedimensional dark-field imaging by stereotransmission electron microscopy, irradiation-induced precipitation of zirconium suboxides (ZrgO) and cubic 21-02 particles of extremely fine scale has been reported for Zircaloy-2 and -4 fuel cladding irradiated to a fluence of =4 x 1021 n cm-2 (E > 0.1 MeV), respectively, in a BWR and a PWR.g>lo Consistent with this, occurrence of ZrO complexes has been reported for unirradiated Zircaloy-4 based on a n analysis by atom-probe field ion microscopy . I 2 The irradiation-induced oxide precipitates were extremely small (< 10 nm) and very high in number density, particularly in Zircaloy-2 cladding. Because the size and morphology are virtually identical to those of "black-dot" defects, these precipitates can be easily overlooked. Dense precipitation of these ultrafine oxides seems to promote the s u s c e p t i b i l i t y t o b r i t t l e -t y p e pseudocleavage failure.9
Tight pellet cladding contact and formation of an oxide layer rich in Zr, U, and Pu are frequently observed on the inner-diameter (ID) surface of high-burnup cladding. This will prevent contraction of cladding in the axial direction and tends to increase the axial strain and decrease the circumferential strain under PCMI loading in a n RIA.
In fact, circumferential expansion produced in high-burnup cladding during RIA-simulated tests in the NSRR and CABRI reactors seems to be always accompanied by axial elongation rather than the contraction normally observed in a burst test. Ductility of axially constraint or axially stretching aphase cladding tube is significantly lower than that of freely contracting cladding. This peculiar effect is produced a s a result of the combination of strong texture and the characteristic slip system, which is limited to prism slip in the a -p h a s e cladding,.
C. Hvdride Density and Orientation
Increased hydriding of the a -p h a s e layer is one of the most important metallurgical processes associated with high-burnup operation. Because of the porous and flaky nature of the postbreakaway oxide layer, -16% of hydrogen atoms (produced from oxidation) permeate through the oxide layer and end up in the metallic a-phase Zircaloy. In contrast, the hydrogen uptake ratio in Zr-2.5%Nb alloy is only ~5 % .
Most of the hydrogen atoms in the high-burnup a-phase Zircaloy a r e contained in the circumferential hydrides, which are in most cases densely concentrated beneath the colder waterside oxide layer. 6 Because oxidation increases almost exponentially as a function of burnup a t >40 GWd/tU, hydrogen uptake, and hence, the volume fraction of the circumferential hydrides beneath the thick oxide layer, increases almost exponentially as burnup increases. These circumferential hydrides are, however, not severely deleterious to mechanical properties as long as the primary stress, as in the case of an RLA, is parallel to the tangential direction of the cladding.
Relatively shorter hydride stringers distributed parallel to the radial direction are most deleterious to cladding mechanical properties. Fortunately, this type of hydride does not seem to be produced in significant number density, at least up to =SO GWd/tU for standard Zircaoy-4 cladding (e.g., HBO-1 cladding1 in Fig. 1 ). However, as burnup and oxide layer thickness increase further, the probability of forming radial hydrides becomes increasingly higher, especially in association with pellet cladding interaction, bowing, load-following operation, and use of nonchamfered pellets. Because these factors are also conducive to higher stress on the oxide layer, radial hydrides are usually observed in association with a spalled oxide layer that is close to stoichiometry and characteristically whitish in color. The dense radial hydride structure that is characteristic of the REP-Nal2 (Fig. 1) appears to be related to load-following operation and significant oxide spallation.
These macroscopic hydrides, either circumferential or radial, are readily resolved by optical microscopy. However, there is, another type of hydride in irradiated Zircaloys, i.e. , microscopic hydrides 30-100 nm in size that can be resolved only by transmission electron microscopy.9>10 This type of hydride can easily be overlooked when hydride characterization is based only on optical microscopy. Density of the microscopic hydrides, usually precipitated i n association with irradiation-induced dislocation loops and line dislocations, increases with increasing burnup.
Both types of hydrides play a n important role in degrading the mechanical properties of high-burnup fuel. However, it is important to recognize that hydride morphology, orientation, and density are the real factors that influence the mechanical properties of high-burnup cladding rather than the hydrogen content itself. The effect of hydrides has been investigated extensively for Zr-2.5Nb CANDU pressure tube material by the use of a parameter referred to as the "hydride continuity constant" (HCC).13 The HCC can have a value between 0 and 1, with a low value corresponding to a situation in which only a few hydrides are present or the hydrides are oriented predominantly in the circumferential direction. A high HCC corresponds to a high density of radially oriented hydrides. Based on a comparison of hydride morphologies with those reported by Wallace et al.,13 HCCs from optical photomicrographs of HBO-1 and REP-Nal2 are estimated to be 0 and ~0 . 2 , respectively. When hydrogen content is very high, number densities of both total and radial hydrides should of course increase correspondingly, and hence HCC will increase.
Bai e t al. reported that roomtemperature tensile elongation a n d reduction in area of unirradiated Zircaloy-4 decrease abruptly for H > -700 wppm.14 This indicates that total hydride density and fraction of radial hydrides increase rapidly for H > =700 wppm. In contrast, at 350"C, tensile ductility remained more or less independent of hydrogen content u p to ~1 1 0 0 wppm, indicating that hydrides at -350°C are ductile. This shows that cladding ductility is a strong function of not only HCC but also temperature.
The result of Bai e t al. also shows that heavily hydrided unirradiated Zircaloy-4 (e.g., H > =700 wppm) undergoes ductilebrittle transition (DBT) between room temperature and 350°C. Ductile-brittle transition behavior has been investigated extensively by investigators in the CANDU reactor community for unirradiated Zr-2.5Nb (e.g., see Refs. 13 and 15). The result of Bai et al. is in fact an independent confirmation of the DBT phenomenon for hydrided Zircaloy-4. For unirradiated Zr-2.5Nb, Davies and Steams reported that ductile-brittle transition temperature (DBTT) was in the range of 175-280°C, depending on HCC (with a hydrogen content of 30-100 wppm).l5 They showed that fracture toughness (-150 MPa mo.5) of the hydrided alloy at 175-240°C was nearly independent of HCC for HCC < -0.55 and then abruptly decreased at higher HCC. A t 25"C, fracture toughness decreased gradually from =150 MPa m0.5 to =40 MPa mo.5 as HCC increased.
Such information appears to be extremely useful in understanding the effects of hydriding in low-energy failure behavior such as that seen in HBO-1, HBO-5, and REP-Nal. For example, from the standpoint of the separate effect of hydriding alone, the results of HBO-1 (HCC -0, hydrogen content -190 wppm) and HBO-5 tests on Zircaloy-4 PWR fuel appear to be conservative. This is because the effect of hydriding on the ductility and fracture toughness of the specimens at <50"C (i.e., the failure temperature of HBO-1 and HBO-5) would be more pronounced than at =270"C, i.e., the estimated temperature of a PWR hot zeropower rod-ejection accident.
Likewise, from the standpoint of hydriding alone, it i s reasonable to postulate that the fracture toughness of the REP-Nal specimen was very low [Le., 
D. Relative Susceptibility to Failure
Of the three primary metallurgical processes that cause embrittlement at high b u r n u p , irradiation damage is determined primarily by fast neutron fluence, and hence by fuel burnup. The other two processes (Le., the effects of oxide layer and oxygen in solution, and hydride density and orientation) are determined primarily by oxidation. Therefore, for a fuel rod of a given i r r a d i a t i o n h i s t o r y , degree of embrittlement, and hence susceptibility to failure can be expressed as a first approximation as a function of degree of oxidation (e.g., oxide layer thickness) if test conditions (e.g., temperature and width of pulse) are similar.
Because oxide layer thickness is strongly influenced by the axial position (grid span) in a PWR fuel, relative susceptibility to failure is therefore expected to be strongly influenced by the cladding grid span. This was actually observed in the test series HBO-1 to -4, which was conducted on specimens sectioned from different grid spans of a same rod; see Fig. 2 . Similar correlations are also shown for the test series of HBO-5 and -6 and REP-Nal and -Na5. Those specimens from the upper grid spans (where the oxide layer is thickest) are most susceptible to failure, whereas cladding from the lower grid spans are more resistant to failure even though burnup is similar. From the results in Fig.  2 alone, it can therefore be deduced that the conventional parameter of fuel burnup is not suitable for predicting failure behavior of high-burnup fuel.
MECHANICAL PROPERTIES
A. Tensile Properties
Cladding failure under RIA situations has been frequently correlated with ductility determined from slow uniaxial tensile tests in which a cladding tube was pulled in the axial direction of the cladding.
Deformation and fracture behavior from these axial tensile tests are, however, not applicable to RIA situations because of the very different effects of the circumferential hydrides that are dominant in most high-burnup cladding. Because the stress in a n axial tensile test is perpendicular to the circumferential hydrides, the damaging effect of hydrides is greatly exacerbated, and as a result, measured ductility is strongly influenced by hydrogen content even though HCC is low.
In comparison, results from ring tensile or burst tests are more applicable, because the effect of hydride orientation is more typical of that in an RIA. However, failure strains determined from a n "unmodified" ring tensile test is in some cases somewhat ambiguous, because "gage" section is not clearly defined and the effect of bending moment is significant.
In contrast to results from axial tensile tests, ductility determined on the same batch of high-burnup fuel rods from ring tensile or burst tests exhibits large data scattering and less significant effects of hydrogen content.3-6
B. Burst Test
In an internal-gas-pressurization burst test, biaxial ratio (i.e., hoop-to-axial stress ratio) is 2, and the tube specimen is free to contract axially and relatively more susceptible to necking instability. A s a result, a burst in the a-phase-temperature region (i.e., c 8 1 5 O C ) i s usually accompanied by some degree of axial contraction in commercial fuel cladding. This is related to the texture of the aphase cladding in which the operational slip system is limited to prism slip. Because of the axial contraction, circumferential strain a t failure tends to be relatively large.
In contrast to this, a high-burnup cladding subjected to PCMI loading under RIA situations is characterized by lower biaxiality, relatively higher resistance to necking, and significant axial elongation. For extremely high deformation velocity, necking has been known to be suppressed because of inertial effect, which leads to a higher ductility.
According to a model reported by Altynova et al., this effect is predicted to be significant for A1 and Cu alloys when deformation velocity exceeds ~0 . 4 m/s. It is not clear if this effect was significant for the unirradiated or irradiated Zircaloy cladding specimens that were tested in the NSRR, CABRI, PBF, or SPERT reactors, or is expected to be significant under RIA situations. A t any rate, the effect of extremely high strain rate on the deformation behavior of Zircaloys is not well understood a t present, and wellcontrolled tests seem to be warranted to clarify the strain rate effect.
D . Fracture Toughness
The most important mechanical property in RIA situations is the dynamic fracture toughness of the high-burnup cladding, a material composed of a thick oxide layer, a-phase Zircaloy-4, and thin fibres of hydrides that are oriented mostly parallel to the circumferential direction of the cladding tube. In fresh unirradiated state, when oxide thickness and hydride volume fraction are negligible, fracture toughness of the material is high regardless of temperature, and failure is governed by the onset of ductile plastic instability.
However, in the highly irradiated, oxygenated, and hydrided state, the fracture toughness of a-phase Zircaloys is sensitive to temperature and exhibits DBT phenomena similar to those of bcc metals. 
IV. ANALYSIS OF FAILURES AT LOW-ENERGY DEPOSIT
A. Fracture Characteristics
Results from optical metallography of the fracture tips of the low-energy failures (such as HBO-1 and REP-Nal) indicate that some failures were predominantly brittle cracking, whereas the others can be classified as partially brittle and partially ductile cracking. Observed fracture tip morphologies can be classified as the following:
Type 0
TypeH Brittle crack through a large localized hydride blister or sunburst.
Brittle crack across OD oxide.
TypeB Brittle crack across 1 n e oxygenand hydride-rich layer beneath the thick oxide layer.
Type CH Brittle crack along the long circumferential hydrides.
TypeBM Brittle crack in metal nearly parallel to radial direction.
TypeD Ductile shear of a-phase layer characterized by -45" angle of propagation.
Susceptibility to failure of a highburnup PWR fuel seems to be determined primarily by Types 0, B, and BM cracking.
Failure of some fuels, such as those irradiated in helium in JMTR, has been known to be associated with Type H cracks. Interestingly, a direct evidence of Type H crack was not observed for REP-N a l . To better quantify the degree of brittle cracking, portions of ductile and brittle crack propagation were measured in the fracture tips from cross-section photomicrographs, and crack tip wall thickness with ductile-fracture morphology is plotted as a function of average oxide layer thickness of the section; see Fig. 3 . The figure clearly demonstrates that susceptibility to brittle failure increases significantly as local oxide layer thickness increases.
The relative degrees of ductile and brittle nature of HBO-1 and REP-Nal are also manifested by the degree of wall thinning and circumferential strain a t failure (see Figs. 4 and 5) . From Figs. 3-5 , we can deduce that REP-Nal failure is essentially brittle, whereas HBO-1 failure was partially brittle. A s shown in the figures, incipient cracks were observed only on the outer surface in the HBO-1 specimen, indicating that the through-wall crack propagated from the outer surface to the inner surface of the wall. That is, the crack could not have nulceated in the ductile inner side. In contrast to this, incipient partial cracks were observed on both outer and inner surfaces in REP-Nal, indicating that the entire wall was so brittle that cracks could nucleate on both sides. Under such conditions, the role of hydride blisters and Type H cracking would have been secondary. 6 .
S c h e m a t i c I l l u s t r a t i o n of
It is also important to note that the sequence of long axial cracking, illustrated schematically in Figs. 6C-6E7 can be explained only by assuming a brittle-type crack propagation in association with low dynamic fracture toughness in the axial direction. From standpoint of practical safety concern on possible fuel dispersal, this type of long axial cracking appears to be of primary importance.
In the model schematically illustrated in Figs. 6 and 7, numerous cracks are n u c l e a t e d in t h e brittle layer (preferentially at the outer-surface oxide layer), which is not sensitive to pulse temperature. Many of the incipient cracks propagate through the oxygen-and hydride-rich brittle a-phase layer beneath the OD oxide, some propagating eventually through the entire wall thickness, either in ductile or brittle manner, depending on the microstructure and fracture toughness of the metallic phase. One or more of these through-wall cracks then reaches critical length and propagates axially in an uncontrolled manner, producing one or more long axial splits.
C. Effects of Pulse Width and Pulse Temperature
Based on the information on DBT phenomena in irradiated and unirradiated heavily hydrided Zr-base alloys (which was discussed above in terms of fracture toughness and ductility), the DBTT of high-burnup Zircaloy-4 cladding such as REP-Nal and HBO-1 is believed to be significantly high. Failure of such cladding is predicted to be sensitive to initial pulse temperature and pulse width. This is illustrated schematically in Fig. 8 . According to the model in Fig. 8 , crack propagation in the radial and axial directions through the a-phase layer is sensitive to pulse temperature relative to the DBTT of the local material. That is, depending on whether the dynamic fracture toughness of the metallic phase is a t the upper shelf or lower shelf, resistance to crack propagation, and hence failure, will be very different. For example, if the DBTT of the metallic phase is ~2 5 0°C and the cladding is pulsed at 25°C at a high rate (e.g., pulse width of -5 ms), then susceptibility to failure would be high because fracture toughness at the time of peak stress is low (in the lower-shelf). In contrast, if the cladding is pulsed a t =300"C at a slow rate (e.g., pulse width of =70 ms), susceptibility to failure would be relatively low because the fracture toughness is high (in the upper-shelf). The model also predicts a strong effect of pulse width when the initial pulse temperature is in transition range, i.e., lower than and close to the DBTT of the remaining metallic phase. This effect of pulse rate, predicted to be unique to highb u r n u p fuel cladding, will not be significant for unirradiated or low-burnup cladding, because the DBTT of such material will be significantly lower than the temperature relevant to an RIA. According to the model, the failure behavior of REP-Nal and -Na4 can be also explained as shown in Fig. 9 . A small difference in DBTT of the two specimens, combined with the difference in pulse width (~9 . 5 and =60 ms for REP-Nal and REP-Na4, respectively)z, could likely have resulted in a situation in which REP-Na4 is stressed at the upper shelf, (hence no failure), whereas REP-Nal was stressed a t the lower shelf, (hence failure).
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D. Threshold Failure Enerm
On the basis of the embrittlement mechanisms, DBT phenomena, and failure where E is the threshold failure energy. The function f l represents the direct effect of the brittle oxide layer or hydride blister which reduces the thickness of the loadbearing a-phase layer, whereas f2 is a function that represents the degree of embrittlement of the a-phase layer itself.
XOH is the thickness of the oxide layer or hydride blister; Co is the average oxygen content in the a-phase layer; CH average hydrogen content in the a-phase layer; HCC hydride continuity constant, and T is the cladding temperature at peak stress. The function f l can be expressed by a relatively simple equation:
where Eo and k are constants.
For unirradiated or low-burnup cladding, the function f2 is essentially unity. For high-burnup cladding, f2 is. between 0 and 1; it decreases with increasing Co, CH, and HCC and increases with temperature.
Qualitatively, the shape of f2 will be similar to those of the fracture toughness function~13?~5? [17] [18] [19] [20] (see Fig. 10 as an example) or the ductility function shown in Fig. 91 
V. CONCLUSIONS
1. Primary factors for embrittlement of high-burnup cladding are neutron damage, thick oxide layer, higher oxygen level in solution, hydride density, and radial orientation of hydrides in the a-phase material.
2. These embrittlement processes are most strongly influenced by oxidation. Therefore, failure behavior can be correlated well with oxide layer thickness, which is strongly influenced by axial position (grid span). Fracture properties, such as circumferential strain, wall thinning, and degree of brittle fracture-tip morphology, could be correlated well with outer-surface oxide layer thickness.
3.
Fracture behavior in low-energy failures such a s those of HBO-1, and REP-Nal, and REP-Na4 can be explained well by a model based on fracture toughness that is sensitive to temperature and microstructure. The long axial splits that are characteristic of low-energy failures can be explained only on the
